Large magnetic penetration depth and thermal fluctuations in a 

Ca 10 (Pt 3 As 8 )[(Fe 1 _ x Pt a: ) 2 As 2 ]5 (x=0.097) single crystal 
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We have measured the temperature dependence of the absolute value of the magnetic penetration 
depth A(T) in a Caio(Pt3Asg) [(Fei_ a; Pt a: )2As2]5 (x=0.097) single crystal using a low-temperature 
magnetic force microscope (MFM). We obtain A a i,(0)~1000 nm via extrapolating the data to T = 0. 
This large A and pronounced anisotropy in this system are responsible for large thermal fluctua- 
tions and the presence of a liquid vortex phase in this low-temperature superconductor with critical 
temperature of 11 K, consistent with the interpretation of the electrical transport data. The super- 
conducting parameters obtained from A and coherence length £ place this compound in the extreme 
type II regime. Meissner responses (via MFM) at different locations across the sample are similar 
to each other, indicating good homogeneity of the superconducting state on a sub-micron scale. 



Iron-based superconductors offer an opportunity to ex- 
plore superconductivity over a very wide range of su- 
perconducting properties, such as critical fields, super- 
fluid densities, and their anisotropy 1 " Comparing iron- 
based superconductors with cuprates provides clues to 
the mechanism of high T c superconductivity that de- 
termine fundamental superconducting parameters, such 
as the gap symmetry 2 * 3 - and the upper critical fields j 4 - 
as well as complex vortex dynamics due to the ther- 
mal fluctuations £~— Understanding the correlation be- 
tween intrinsic properties and the pinning mechanism 
is thus intriguing from both basic and applied points 
of view. Recently, superconductivity has been re- 
ported in a new family of highly anisotropic materi- 
als; Caio(Pt„As 8 )[(Fci_ x Pt x ) 2 As2]5 (Ca-Pt-Fc-As) with 
n=3 ("10-3-8") and n=4 ( "10-4-8" The 10-3-8 phase 
has triclinic symmetry and a T c of up to 11 K upon Pt 
doping; the 10-4-8 phase has tetragonal symmetry with 
the highest T c of 38 K. It is worth noting that well-defined 
Fermi surface sheets with tetragonal symmetry, similar to 
other pnictides, are observed in the 10-3-8 phase in spite 
of its triclinic symmetry^ Anisotropy of the critical field 
in the 10-3-8 phase near T c , J He2 (T c ) = H$/H° 2 10 ( 
Ref. 8), is much larger than that of the 122 pnictide com- 
pounds, 7ff c2 (T c ) w 2 (Ref. 12), consistent with a more 
anisotropic 2D nature of the 10-3-8 system. In contrast 
to Ba(Fei_ x Co a; )2As2 superconductors, well-studied by 
a variety of techniques^ 10-3-8 shows a broadened su- 
perconducting transition temperature with applied field, 8 
consistent with strong thermal fluctuations of vortices^ 

In this Rapid Communication we present measure- 
ments of the absolute value of the magnetic penetration 
depth A in the 10-3-8 compound. We derive the val- 
ues of several basic superconducting parameters from our 
measurements and relate them to other unusual proper- 
ties observed in the 10-3-8 compound, such as a broad- 
ened superconducting phase transition. We have de- 
termined the temperature dependence of the absolute 



value of A(T) in a 10-3-8 single crystal (x=0.097)£ with 
T c m 11 K using a Meissner technique employing mag- 
netic force microscopy (MFM). Our experimental ap- 
proach for A measurements is simple, robust, and inde- 
pendent of the MFM tip model whereas most previous 
MFM studies provided either SX variations or the abso- 
lute value from modeling the tip magnetization instead 
of measuring A directl y 14 ' 15 Recently, the temperature 
dependence of SX was measured via a tunnel-diode res- 
onator technique, and it showed an increasing anisotropy 
of the superconducting gap as doping decreases from 
optimal doping towards the edges of the superconduct- 
ing domeJ£ Our MFM results show that the supercon- 
ductivity is homogeneous, which agrees well with tun- 
nel diode,— transport,— and angle resolved photoemis- 
sion spectroscopy (ARPES) data.— By extrapolating our 
temperature dependent data from 4 K to T = 0, we 
obtain A a f,(0)«1000 nm. The short electron mean free 
path in this system, compared to the coherence length, 
suggests that this system is in the dirty limit, which is 
partly responsible for the large A value. Strong thermal 
fluctuations inferred from the Ginzburg number are con- 
sistent with a wide superconducting transition under field 
and the presence of a vortex-liquid phase in this highly 
anisotropic superconductor with relatively low T c & 

Synthesis of the 10-3-8 system is described elsewhere^ 
All measurements described here were performed in a 
home-built low-temperature MFM apparatus^! which al- 
lows acquisition of a complete set of MFM data on several 
samples with identical MFM tip conditions. With this 
apparatus, a Meissner response curved 4 - is measured first 
as a function of the tip-sample separation in the reference 
sample (Nb film), and then, the cantilever is moved to the 
sample of interest (10-3-8) where its Meissner response 
as a function of tip-sample distance is obtained. Direct 
comparison of these curves yields the absolute value of 
X a b in 10-3-8 and its temperature dependence A a b(T). 
(We measure A a h since the shielding currents run in the 
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basal plane.) The A value of the reference Nb film was 
verified by both a different MFM technique and SQUID 
magnetometry measurements, as described elsewhere.— 
The vortex imaging, after field-cooling the sample in a 
field of a few Oersted to avoid the demagnetization effect 
of the sample, was performed in a frequency modulation 
mode with the tip-lift height of 400 nm above the sample 
surface. The zero point of the tip-sample separation was 
determined by touching the surface of the sample; this 
touchdown of the tip resulted in a substantial negative 
frequency shift. The tip-sample separation was measured 
based on the calibration of the piezo scanner. We used 
a high resolution cobalt-coated Nanosensors cantilever— 
that was polarized along the tip axis in a 30-kOe mag- 
netic field (H). The Meissner experiment was performed 
under the conditions of no vortices being present in a 
20 /zm x 20 /im field of view, which eliminates possi- 
ble force contributions of vortices to the Meissner force. 
Before vortex measurements on the 10-3-8 sample, the 
stray field (H s f) from a superconducting magnet was cal- 
ibrated by measuring the number of vortices as a function 
of field on the Nb reference (see Fig. Hth)): the Nb ref- 
erence serves as a magnetic field sensor. The red line in 
Fig. [Ub) is a linear fit to the experimental data with a 
fit function of N = (N/H)H + H s f, where N is a num- 
ber of vortices. The obtained slope and H s f from the fit 
are 1.6 Oe -1 and -2.6 Oe, respectively. The calculated 
single vortex flux § exp from the slope of the fit and the 
area of a vortex image is § & xp = area x (N/H)^ 1 = 
(6 /xm x 6 fim) x (1.6) -1 = 22.6 G^m 2 , which is in good 
agreement with the theoretical value of a single flux quan- 
tum $o = h/2e — 20.7 G/im 2 . The Nb reference film is 
homogeneous with a uniform (though irregular) distribu- 
tion of vortices. The stray field calibration in panel (b) 
in Fig. Q] was reproducible at 3 different locations of the 
Nb reference. 

Figs. QJc)-(f) show MFM images obtained at two dif- 
ferent nominal fields of H = —3 Oe and H = — 7 Oc 
in both the Nb reference (panels (c) and (d)) and the 
10-3-8 single crystal (panels (e) and (f)). We obtained 
MFM images at several locations across the sample's sur- 
face separated by hundreds of microns and observed no 
vortices. Thermal drift of the MFM system equals a few 
nanometers per hour at 4 K. The low drift comes from 
a rigid design of the MFM apparatus. More technical 
details can be found in Rcf. 15. This indicates that the 
lack of vortices in a 10-3-8 sample is an intrinsic property. 
The lack of vortices may be due to a large A, leading to 
a very slow exponential decay of the vortex profile over 
a large length scale, and hence a smaller intensity of the 
MFM signal in the vortex center To verify this possi- 
bility, we measured the Meissner response as a function 
of the tip-sample separation. An MFM tip experiences a 
Meissner force because of the interaction between the tip 
magnetic moment and a field generated from the shield- 
ing current induced by the tip moment. The Meissner 
response force can be expressed as a function of A and 
the tip-sample separation d, FMeissner — A x f(d + X), 
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FIG. 1: (Color online) (a) Schematic illustration of our sample 
holder with multiple samples. A Nb thin film (300 nm) and a 
10-3-8 single crystal are located next to each other, (b) The 
number of vortices as a function of the magnetic field. The 
red (light gray) line represents a linear fit to the experimental 
data, (c) and (e) MFM images of the Nb sample and the 10- 
3-8 sample taken at T —4 K in H =-3 Oe, respectively, (d) 
and (f) The same type of MFM images as in (c) and (e) but 
with H —-7 Oe. No individual vortices were clearly resolved 
in 10-3-8 due to a large A ((e) and (f)) as opposed to the Nb 
reference. The color scale bar is applied for (c)-(f). The inset 
in panel (f) shows a simulation of the expected frequency 
shift for two different A values. The solid line represents a 
calculated line profile for Nb and the dashed curve shows a 
profile for a 10-3-8 sample based on the monopole-monopole 
interaction between the tip and the sample. The frequency 
shift of the vortex center in a 10-3-8 sample is around 30 
mHz (close to the noise level). Small frequency shift prevents 
visualization of vortices. 



where A is a prefactor that reflects the sensor's geometry 
and the magnetic moment i 14 ' 20 — The Meissner forces 
obtained from a Nb reference and the 10-3-8 sample have 
the same functional form, F Nb (d) = A x f(d + Ajvb) and 
F 10 - 3 ~ s (d) = A x f(d + Aio-3-s), respectively. Note 
that A and / are the same in both cases when the tip is 
at the same condition. As a result, A10-3-8 = ^Nb + SX, 
where the reference Ajv& = 110 nm has been previously 
determined^ and SX is the shift required to overlay the 
F(d) curves. 
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FIG. 2: (Color online) (a) Meissner curves obtained from 
a Nb reference and a 10-3-8 sample with the same experi- 
mental conditions during a single cool-down. The Meissner 
curves obtained from 10-3-8 were obtained at three lateral 
positions separated by approximately 10 fim. Their sim- 
ilarity indicates good homogeneity of the superconducting 
state on a sub-micron scale in the sample. By shifting the 
red empty curve by 900 nm, the resulting curve (red empty 
squares) overlays the Nb reference curve, (b) Temperature 
dependent Meissner response curves. Note that the Meissner 
curves decay more slowly with increasing tip-sample separa- 
tion as the temperature increases, indicating an increase of 
A with temperature, (c) Temperature dependent A measure- 
ments. Red filled diamonds are experimental data inferred 
from curves in Fig. [2Jb). Blue empty diamonds are taken 
from tunnel diode resonator measurements.— We shifted tun- 
nel diode data along the y axis by 1 /im, the value obtained 
from MFM measurements and overlaid on our data to di- 
rectly compare with the MFM data, (d) Superfluid density 
p a (T) calculated from Fig. [He) . The black line corresponds 



to p s 



h d/4fc B e MoA = (2/7r)T in each FeAs plane. 



Fig. HJa) shows Meissner curves obtained from the Nb 
film and the 10-3-8 single crystal. The Meissner curves 
in the 10-3-8 sample were obtained at three lateral po- 
sitions separated by approximately 10 /im: the unifor- 
mity of the curves indicates that A is homogeneous on 
a sub-micron scale. As opposed to the Nb reference, 
the Meissner curve for the 10-3-8 crystal decays slowly 
as the tip-sample separation increases, indicating the A 
for the 10-3-8 compound is larger than that of Nb. The 
absolute value of A in the 10-3-8 sample is obtained by 
offsetting the 10-3-8 Meissner curve to overlay the re- 
sponse in the Nb reference. The offset yields 5X of 900 
nm, as shown by the arrow in Fig. [5{a), and therefore 
A10-3-8 = 1000 ± 100 nm. The temperature-dependent 
penetration depth, shown in Fig. [He) , was obtained from 
Meissner curves measured at different temperatures, as 
shown in Fig. [H^b). Fig. |2Jc) displays the absolute val- 
ues of of A(T) obtained using MFM (red filled diamonds) 
and using tunnel diode measurements^ (blue empty dia- 



monds). To compare the two data sets, the tunnel diode 
data (SX(T)) are shifted along the y axis by 1 /mi, the ab- 
solute value of A(0) obtained from MFM measurements. 
These data sets demonstrate consistency, proving the va- 
lidity of the MFM approach. We also measured the abso- 
lute value of A in a 10-3-8 sample with a different doping 
level (x = 0.042; T c 10 K) and obtained (a doping 
dependence) A a6 (0) w 1200±100 nm. 

The large A measured here can be due to either im- 
purity scattering or an intrinsically small superfluid den- 
sity. To evaluate the contribution from impurities, we 
first estimate the electronic mean free path using the 
Drudc model: I = J-Ek^h where Rk is the von Kl- 
itzing constant (Rk = h/e 2 w 25813 f2), fci? is the Fermi 
wave vector, n is the charge carrier density, and p is the 
resistivity. We obtain I ral.5 nm, using n and p ob- 
tained via transport measurements^ and /cj? w 0.37r/a 
from ARPESi£. The mean free path (I = 1.5 nm) is 
shorter than the coherence length (£ = 5 nm) obtained 
from transport^ (I < £), and indicates that the sys- 
tem is in the dirty limit, partially explaining the large A 
value. In the dirty limit the effective penetration depth 
is A e //(0) = A ciea „(0)(l + £ (0)/0 1/2 using the local ap- 
proximation and the effective coherence length is £ e / / = 
fdea„(0)/(l + £o(0)/0 1/2 ^ For Co =19.7 nm (ob- 
taincd from the equation of £ e //), A e // =1000 nm, and 
I =1.5 nm, Xdean in the clean limit is approximately 270 
nm. 

A large A also can be due to a small superfluid den- 
sity. The London penetration depth Xl = 



where to* is an effective electron mass, pio is the vac- 
uum permeability, n is the charge carrier density, and 
e is an electron charge. ARPES E(k) data allow us to 
calculate the effective mass of the charge carriers us- 
ing the expression 1/to* = jp(d 2 E /dk 2 )E r We obtain 
to* «7.3TO e , where m e is a bare electron mass^. This 
to* and n w 0.74 x 10 27 m~ 3 , obtained from transport 
measurements^ results in Xl rj 530 nm. This calcu- 
lated Xl corresponds to an intrinsic A, because the ex- 
perimental band dispersion and carrier density do not 
depend on disorder. Therefore, we can directly compare 



A, 



270 nm with X L w 530 nm from ARPES and 



transport. The discrepancy is likely a result of the car- 
rier density being obtained using a single band approxi- 
mation; whereas, ARPES and theoretical electron band 
calculations show a multiband character of the Fermi sur- 
face. 

The small superfluid density, reflected in the large mea- 
sured penetration depth, indicates a weak phase stiffness 
of the superconducting order parameter and suggests 
that phase fluctuations may be important in 10-3-8. We 
add in Fig. [3] the values of A for 10-3-8 as red filled stars 
to the Uemura plotj^S. which shows the scaling between 
A _2 (0) oc n s /m* and T c in unconventional superconduc- 
tors. We see that the phase stiffness relative to T c is 
weaker than in other Fe-based superconductors as well as 
the cuprates, even weaker than that in highly undcrdoped 
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FIG. 3: (Color online) Uemura plot for high T c cuprates. The 
data for the cuprates and points for the 1111 system are taken 
from Ref. 27. The data for MgB2 and NbSe2 are taken from 
Ref. 28 and Ref. 29, respectively. The red filled squares show 
highly underdoped YBCO superconductors taken from Ref. 
30. The red filled stars represent the data for 10-3-8 obtained 
in this work. 

YBCO^l^i^i This may reflect a "Swiss cheese" like re- 
sponse of the system to impurities, indicating nanoscale 
inhomogcneity is likely present in 10-3-8i 32 ' 33 Our mea- 
surement of A is not sensitive to heterogeneity on this 
scale. The relatively large anisotropy of the upper critical 
field further suggests that 10-3-8 may be the most quasi- 
2D material of all Fe-based superconductors^ thus bear- 
ing more resemblance to the cuprate superconductors. 
Fig-Hid) shows the measured superfiuid density p s {T) as 
well as prediction of the Kostcrlitz-Thoulcss-Bcrczinsky 
(KTB) theory of vortex- unbinding that should be appli- 
cable to a highly anisotropic 2D superconductor^ Ps(T) 
passes smoothly through the KTB line, indicating that 
superconductivity of the 10-3-8 phase is still of a 3-D 
character. 

We now discuss the effects of the large A on other su- 
perconducting properties. The H C 2 values obtained from 

the Werthamer-Helfand-Hohenberg theory^ are H'^ = 
55 T and H^ lh = 13 T, and the corresponding £ val- 
ues are £||a&(0) = 5 ran and £j_ a b(0) = 1.2 nm4 We 
calculate k = \ a b/£,ab ~ 200, using A a ;, ps 1000 nm 
and £ a f, w 5 nm, the thermodynamic critical field H c = 



$o/2V27rA(0)£(0) « 500 Oe, and the depairing current 
Jd = ^o/SV3TTfi X 2 ^ w 2 MAcm 2 . These values indicate 
that the 10-3-8 compound is an extreme type II supercon- 
ductor. Anisotropy of the critical field in this compound 

jh c2 = H^st ' I 'Hc2 ab shows a strong temperature depen- 
dence, ranging from 10 near T c to 5 at 0.9T C 4 The resis- 
tive signature of the superconducting transition broadens 
with increasing magnetic field, indicating the presence of 
strong magnetic fluctuations 4 The fundamental param- 
eter governing the strength of the thermal fluctuations 
is the Ginzburg number Gi, Gi = [T c7 /i7 c 2 (0)^ 3 (0)] 2 /2, 
where H c is the thermodynamical critical field and 7 is 
the anisotropy parameter £ Using T c w 11 K, 7 « 10, 
£ = 5 nm, and A w 1000 nm, we obtain Gi w 0.16. 
The theoretical width of the transition, AT C > Gi ■ T c , 
is approximately 1.8 K, consistent with the experimental 
value of AT C « 2 K; although, we can not rule out that 
the rounding is also partially a result of nanoscale spatial 
inhomogeneity of T c £ The Gi in the 10-3-8 compound 
is larger than that in YBCO (Gi =0.01) and BiSCCO 
(Gi =0.1) £ The broadening of the superconducting tran- 
sition with increasing magnetic field is consistent with the 
presence of a vortex-liquid phase, similar to cuprates^ 

In conclusion, we measured the absolute value of A 
in a single crystal of Caio(Pt3Ass)[(Fei_ 2 ;Pt a ;)2As2]5 
(x=0.097) using a Mcissner technique in a low temper- 
ature MFM apparatus. Similar Meissner responses in 
different regions of the sample indicate that the super- 
conductivity is homogeneous on a scale of A. We obtain 
the value of A(0) in our sample of approximately 1000 nm. 
The clean limit penetration depth is calculated to be 270 
nm based on an impurity scattering model. The large 
Ginzburg number (Gi « 0.16) agrees well with the previ- 
ously reported data that show a broad superconducting 
transition and a signature of a vortex liquid phase in this 
highly anisotropic low T c = 11 K superconductor. 
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